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ABSTRACT We have nsed , binary system of repllcw- 
compatibk ptasmids to test the potential for prombcoou* 
recombination of heavy sum! light chains within sets of humus 
Fab fragment* Rotated ttom combinatorial antibody libraries. 
Antibody molecules showed a surprising amount of promiscu- 
ity in that a particular heayy chain could recombtne with 
multiple light chains with retention of binding to a protein 
antigen. The degree to which a gives heavy chain productively 
paired with any tight chain to bind antigen varied from 43% to 
100% and depended strong on the heavy -chala sequence. 
Such productive crosses resulted to a set of Fab fragments of 
similar apparent binding constant*, which seemed to differ 
mafttJy i« the amount of active Fab fragment produced in the 
bacterial cell. The dominance of the heavy chain In the anti- 
body-antigen interaction was further explored b> a «ct of 
directed creases, to -which heavy ami tight chains derived from 
antigen-specific chines were crossed with nenrelated heavy and 
light chains, Itt these croasest, an Fab fragment retained antigen 
binding only If it contained a heavy chain from an antigen- 
specific clone. In no case did the light chain confer delectable 
affinity when paired with indifferent heavy chains. The sur- 
prising promiscuity of heavy chains has ramifications for the 
evaluation of She diversity of combinatorial libraries made 
against protein antigens and shook! allow the combination of 
one such prorelscnoos heavy chain with an engineered light 
chain to form an Fab fragment carrying synthetic cefaclors to 
assist in antibody catalysis. 



Random combinatorial antibody libraries have been devel- 
oped as a means of generating a targe number of diverse 
antibodies (1-3). This method, which provides for random 
combination of all light and heavy chains derived from a pool 
of K"R products, has been used to generate a large variety of 
antibodies derived from mice and humans (4, 5). Such 
random chain recombination should aliow one to go beyond 
the original diversity of the immune system by isolation of 
antigen-binding cl f ind light chams 

that arc not present in vivo. However, the large number of 
different chains pi i > 1 storial hbmne\ prevented 

a thorough analysis of the ability of given chains to pair 
productively with complementary chains other than their 
original partner and to still maintain activity. We now report 
the developme i - i p >;( tt-cumpalibie 

ptasmids whtai a< ws fftciem 1 i r > t )fTSmg tn combina- 
torial antibody libraries, lite efficiency of the system is 
demonstrated for a combinatorial library derived from the 
bone marrow library of an asymptomatic human immunode- 
ficiency virus (HlV).positive done* (unpublished data). 



"t he jxibiicjissw costs ot this s/iiik w< -erfefmyed t» part by pate chaise 
psym it Has k'J tYtrtbcment" 

in acsof«ance with IS O.S.C. 517J4 jolciy to indicate this tact. 



MATERIALS AND METHODS 
Construction of the Binary Plasm ki System, Rasmids 
pTACMH and pTCOl are based on the multiple cloning sites 
of AHC2 and ALC2, a variant of ALC1 (1), and the set of 
repiieon-eompatible vectors pFL281 and pFL261 (7). Pfas- 
mids pFL26T and pFl.281 were generously provided by 
F. W Larimer and > _ 2 

experiments was XL! {Siratagene; recA), tndAl, gyrAfft, 
ihi, hsdM7 t mpE44, relAl, he [F* proAB, lad", feeZAMlS, 
Tn/0(Tci R )j}. ALC2 and AHC2 were converted into the 
plasmid form by standard methods (8) aad digested with Sac 
l/Xba I <pLC2) or Xhv l/Spe 1 (pHC2). The synthetic linkers 
(all oligonucleotides obtained from American Synthesis, 
Pleasanton, CA) 5 ^TCGAGGGTCGGTCGGTCTCTA 
G A CO GTCG GTC GGTCA -3 ' / 5 ' -CT A GTG ACCG A C- 
GA GTi M KGAL \CCGACCC-.V ifor pHC2) and 
GGTCGt rCGGT' GACGGTCGI CI 
5 '-CTAG AO ACCG ACCG ACCCTCG AGO ACCG AC- 
CG ACCGaCCT- 3 ' (for plX7) were iigated to the digested, 
calf intestinal phosphatase - treated vectors, in separate tx~ 
j erim », the tnu 1 gsit pH< 1 U etc 
transferred into the vectors pFL281 and pFL261 by PCK (9) 
using Vent polymerase (New England Biolabs) according to 
the manufacturer's recommendations. The forward primer, 
5'-CAAGGAGACAGtSABXATGAAATAC-3' t was de- 
signed to provide a Hush fusion of the p^/i3 leader sequence 
to the ribosome binding sites of the cloning vectors pFL261 
and pFL281 via its internal ftomHI site (underlined). The 
reverse primer, V-AOGGCGAATT O G ATCC GGO G C- 
CCCC-3' , was designed to attnea! dowrtstream of the region 
of interest in the parent vector of pHCZ/pL - - pBlu 
SK(-). The resulting light-chain vector, pTCOl, was used in 
this form, whereas the heavy-chair vectoi iutther mod- 
ified with ft sequent - encoding at; oltgohi tidine tail to allow 
parific of Fab fragit immobili 1 met d ^ffini y 

chromatography (10). For this purpose, the synthetic linker 
5'-Cl'ACTCATCATCATCATCATTAAGCTAGC-3'/S'- 
C.r A GG C f AGCTT A ATG ATG A TG ATG ATG A -3 ' was in- 
serted into the Spe 1 site, in effect removing the decapeptide 
to generate pTACOlH. The expression of Fab fragment in a!! 
subsequent cfonit 1 . scd bv adding 

1% (wt/voi) glucose to a» media and plates. 

Construction of Expression HftstaMs, Light-chain vector 
was prepared by digesting pTCOl with Sac ! and Xha I; 
iight-cham insert , btatned b$ digesting the p'Jombl- 
based parent plasmid with the same combination of enzymes 
and isolating the 0,7 kilobase fragment by electrophoresis in 
a low-melting agarose gel, followed by jS~agarase digestion. 
Ligation was at 16"C ovcaiight under standard conditions 
using a 5:1 inaert/veeior molar ratio. Heavy-chain plasmids 



Abbreviations: CDS, comoieroentarhy-deterunniag region; HIV, 
human immonodcilcicncy vittis, 
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were prepared by digesting pTACOlH with Xlw J and Spe I 
and ligattfig it to htavy-chaio insert obtained from the 
pCorab3-bascd parent plasmid (11) by PGR using poly- 
mcrase {Promega} according to the manufacturer's eondt. 
tt'otts and the primers 5'-CA< GTGCAGCTCGAOCAGTC- 
7000-3' (VHlai and S'-GCATGTACTAGTTTTGTCA- 
CAAGATTTGGG-3'' (CGlz). PCR products were purified 
by low-melting agarose electrophoresis, digested with Xlw f 
and J, rcpurifted, and ligated to the prepared heavy-chain 
vector using a 2.1 insert/ vector molar ratio. 

CutraraforniuticM of Binary Ptawnkis, CaCfj-compclent 
XL! Blue cells were prepared and transformed with *»0.5 p.g 
of each purified plasmid DNA, according to standard meth- 
ods (S). To select for the presence of both plasmids and the 
episome, fransformants were plated on triple-antibiotic agar 
plates IcarbenicilSin (100 ftg/ml), chloramphenicol (30 jig/ 
mi), and tetracycline (10 M*/mi) in LB agar (32 g/Suer)} 
containing 5% glucose. 

Preparation of Recombinant Fab Fragment, Bacterial cul- 
tures for determination of antigen-binding activity were 
grown (1) in 96-wci! tissue euliure plates {Ccstar 35%). Two 
hundred fifty microliters of superbroth [per liter; 10 g of 
3-(,V-morpholino)pfOrpanc»ulfonic acid , 30 g of tryptonc, 20 g 
of ycasi extract pH Oat 2S"C] containing chloramphenicol 
(10 /ig/tni), carbeniriiiin (100 jig/ml) and 1% glucose was 
added per well and inoculated with a single double - 
ttansformant. Plates were incubated with moderate shaking 
(200 rpm) on a horizontal shafcer for 7-9 hr at 3TC, until the 
ODjjo was 1-1.5. The cells were collected by centrifugaiion 
of the microliter plate (1500 x g for 30 min at 4°C), the 
supernatant* were discarded, and the ceils were resuspended 
and induced overnight at room temperature in fresh medium 
containing 1 rttM isopropyl /9-B-tbiogaiaet pyrai side bat 
no glucose. Cells were harvested by eentrifugation, resus- 
pended m ' 7S h ] , ntc-bui re a mM sodium 
phosphate/160 mM NaCI, pH 7.4 at 25X-) containing pbe- 
ttyirnethylsDtl flu Mtde {^4 pg/nil) and 1 .5% streptomycin 
sulfate, and lysed by three frcese-thaw cycles between 
-8CCa«d 37*0, 'lite crede extracts were partially cleared by 
ceutrifugalion as above before analysis by antigen-binding 
£1-1 S A 

Assay and DeWrmlnaUon of Relative Affinities. Relative 
affinities were determined i i e coated with 0.1 

<i ' mttg fi t amis toxoid from the Set >p m 111; 
' > rmol I Mi 

gen, a negative control exi ! >f 



XL1 Blue cotransfornted with pTCOl and pTACOlH was 
tested So determine whether other components in E. call had 
any affinity for th mtigens i s Eacl xa 
assayed for binding activity with bovine serum albumin, and 
albumin-positive clones were considered negative. Alt pos- 
sible singk-transform&nts expressing only one chain were 
prepared as described for the double transformants and were 
found to have no affinity for any of the antigens used; because 
of the nature of the assay, u could not be dete net vliethc 
this was due to a lack of binding by the indivtduat chains itself 
or due to a lack of expression or folding. 

RESULTS 

Construction of the Binary Ptasmid System, A binary plas- 
> r wo tepl i, pis 

was constructed (Fig. 3). The two plasmid; feature similaj 
cloning sites including pels leader sequences fused to the 
ribosome binding sites and the mc promoters via Bam HI sites 
(Pig. 2). The heavy-chain vector pTACOlH also encodes a 
(His)j tai! to allow purification of the recombinant Fab 
fragments by immobilised metal affinity chromatography. 
The presence of both plasmid s in the same bacterial cell is 
selected for by the presence of both antibiotics in the me- 
dium. Expression is partially suppressed during growth by 
addition of glucose and is induced by the addition of isopropyi 
/0-u-thiogalactnpyranosidc at room temperature. Under 
these conditions, both piasmids are stable within the cell and 
support expression of the Fab fragment as assayed by ELiSA 
using goat anti-human * and goat anti-human yl antibodies 
(data not shown). 

Oirect Crosse* uf Heavy *ud Light CiwiM Wllhto a Set of 
SUV gpi20/gpI««-Bia<i}ng Antibodies. In the original de- 
scription {II) of the Fab fragments used in this study, all 
fragments, derived from the bone marrow of the same 
asymptomatic HIV donor but panned against 1KB gpl20, 
1HB gpl60, and SF2 gpl2f), could be assigned to one of seven 
groups based on the amino acid sequences of the third 
complementarity ■^ctctmining region {CDR3) of their heavy 
chains (6). Front the same library, antibodies to the con- 
strained hypervaiiabie v3 loop-like peptide JSISIGP- 
GRAPYTGZC (6) were isolated. For out chain-shuffling 
experiment, *c cl >serc »i ;eni live members of each of the 
seven groups (bll; b6; b4, t>12, b?, and b2l; b3; $8: bl,bl4. 
ndb24;bJ3,b22,B u < ■ ?, B8 J i «jon 

tooppepttde-bind . (». (1 owed t the clone 




Fto. 1, Plasmid maps of the 
replicon-compatible chain-shuf- 
fling vectors. The two pktmids 
are v«y jimilar in the section 
eontaifling ,h « promoter and the 
rjufling site. :acPO, lac prp- 
mo tec; rbs. ribtfsoroe binding 
site; H< tag, region encoding Hi»> 
tail; fl 1G. intcrgenie region of 
fi phage; siu, "stuffer" frag- 
nsnt ready i > ( e t , < 
ment by ligtit- or heavy-ehin «- 
quences (m pTCOJ nrpTACOJH, 
rcspectivel}'); cwr, elilaran-,p»ietii- 
eoi acetyltransferase gene; bla, 
^iisctaraase gejie; ori, origin of 



pi&Xiinately So scale. 
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psiH leader 
tATCAAATACCfAm*. . ' > J= 



Sac! 



AC%Mf.ttTAA 



HeCLysTyrLo^Lauf'toTSrAUAlaAlaeiy 
m*7<}*M TACWTTCCCrACGGCAOCCSCTOSA 



■ ■MCS'rTATKHTAACGy'.TGCCC-CGeKfSA'VCT 



in [igfli-t 



Pre. 2. (A) Nucleotide sequence of multiple cloning si 
heavy-chain rector, pTACtttH. Relevant restriction sues ; 

number denotes a clone obtained by panning against H1V-1 
HIB envelope prolein gpl60, b against H1V-1 HiB envelope 
protein gpl2(>, s against HIV- it enveiopc protein SF2 gp!20, 
and p a^inst tiie synthetic loop peptide.) Clones W, b7. b!2, 
and b21 showed neutralization activity against HIV when 
inhibition of infection was monitored by syncytium forma- 
tion, and clones b!3, M2, Bnd M showed activity when 
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production of the HI V core antigen (p24) was monitored (12). 
Light and heavy chains were cloned from the original coo- 
structs as described and cotransformed in all possible binary 
combinations into XU cells. The results of the complete 
cross arc shown in Fig. 3. As was to be expected identical 
chains derived from different fab fragments had similar 
bindmg properties— e.g., the heavy chains blSHC. &27HC, 
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Pio. 3. Complete ief of di- 
rected crosses between heavy and 
light chains of all Fab fragments 
isolated from the original library 
by panning with gfycaprotein 
gp!20 (bl-b27> orgpWO (8S-J3W, 
of HiV-1 strain IIIU. gp!20 ($4 
sfi) of (tiv-i nmn St'l. *mi the 
i.xip pes ide p s i< » 1; 
I SAai;!jjnM 18 gpljl tic j 

s arc listed i li wait a d 
i.gir jhainv are liste I ^enicajfv 
©w** are sorted according to lite 
groupsris established in ref, 4, Dif- 
ferent groups a 
" ' toots! a ' 
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combination); w, intctmediai 
. • the H< Cp35 con 

bit.ntion was negative witfj i JIB 
gpOO but positive with Sr2 
»■ t J t i 'i i jrr he 

same identifier (either *. S, or 




B8HC, 835HC, and s4HC. The crosses of the original heavy 
chains with the original light chains in each ease clearly 
recapitulated binding activity. Minor differences existed be- 
tween some heavy chains with identical variable-domain 
scqLicficcs—o.g., b4 aod b32 {constant domains were not 
sequenced for any of the constructs). The exception is bSHC, 
which is identical in its variable domain to fel&HC. b27HC, 
BSHC, B3SHC, and s4HC but showed more crossreactivity. 
Presumably, this was doc to differences in expression levels 
in lhe ceii or differences in the constant-domain sequences 
There were clear differences between heavy chains in their 
tendency to accept different iigr nam nd stiJi <i am 
gen, hist even the least promiscuous heavy chain in die set 
panned against 1118 gpI20, bJHC, still did so in 43% of its 
crosses. On the other side of the spectrum, there were five 
heavy chains, MIBC, 06HC, M2HC, b7HC, ami b-SHC, thai 
crossed productively with all light chains in this set. Fot the 
heavy chain crosses examined in detail {all ofs4HC B3SHC, 
and B26HC; most of M2HC and bDHQ, no significant 
differences in apparent binding affinity were found between 
Fab fragments using the same heavy chain bot different light 
chains (Fig, 4). 

It is of particular interest that wiihfa the original seven 
groups that were established according to the sequence of the 
CDR3 of the heavy chains (b) and that are indicated by 
horizontal and vertical lines in Fig. 3, there is complete 
promiscuity; i.e. , heavy and light chains within these CDR3- 
determined groups are completely promiscuous with each 
other, ff is equally apparent that tmiwten other groups there 
is a Jack of promiscuity-— e.g., between blHC~b24HC and 



:s with light chains from all pannings analyzed by competitive 



bi3te-s4LC. In the analysis of these sequence-based groups 
it does not seem to be important which protein antigen the 
phage display library was panned against. The exception to 
this case is the cross of p3SHC with all light chains , in that the 
only cross that bound either to g p 120 (SP2 strain) or the 
original antigen, the loop peptide, was, the i ntainin* 
the original heavy and light chains (data not shown). 

Contrary to our initial hopes, sequence alignments be 
tween the most and the least promiscuous heavy chains were 
not enlightening in that no correlations between promiscuity 
and amino acid sequence could be established (Fig. S}. 

Unlike the heavy chains there are no light chains that will 
cross productively with all heavy chains nor are there any 
that are distinguishable from the other light chains by un- 
usually low promiscuity. 

IttlenmBgeak Croaacs of Heavy and Light Chains. To 
determine whether conclusions derived from the crosses 
between high-afFiniiy Fab fragments originating from the 
same library could be extended to unrelated libraries, we 
chose a nonrebsted Fab fragment (P3-13) specific for 
tetanus toxoid from a different donor for a new set of crosses 
(clone 3 in ref. 4), Extracts were probed with tetanus toxoid 
or with gpl20 of H3V strain MB. The data confirm our results 
from the gp!20 cross experiment in that ti t 
toward the antigen was dett i t heavy i. ham The 

heat, i chair, of clone P3-13 pain with (he light chains b4 
bl 2, b23 . and bl4 to yield an Fab fragment with an affinity for 
tetanus toxoid; the light chain of P3T3 paired with the heavy 
chains of W, bo, bit, and M4 to yield an Fab fragment with 
an affinity for U1B gpl20. None of the Sight chains originating 




Mnaw>» « of feast pron i i>eavyeh*m«r«pl20-paB»ede!ories (b l) and most proaiiscaous heavy chsmj 0* and 
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frotn the gp!2l> binders was able to confer gp!20 specificity 
in combination with the P3-I3 heavy chain. Similarly, the 
P3-U light chain was unable to generate tetanus toxoid 
specificity in combination with any of the heavy chains 
originating from the gpl 20 bindr n , c onfu tmag the dominance 
of the heavy chain in the antibody-antigen interaction (13, 
14). Interestingly, all three light chains that showed a strong 
signal against tetanus toxoid {W, bl2, b21) are members of 
the same group when sorted according to the CDX3 se- 
quences of their original heavy chains, As might be expected 
from crosses between unrelated libraries, not only was there 
a tower degree of promiscuity-i.e., chains paired produc- 
tively with far fewer complementary chains—but the range of 
apparent affinity constant's determined by competition 
EL1SA was much broader (6.3 x 10M.3 x 10» M" 1 ). The 
repi e -rf .ft cc ig ij PJ , light an in the I >-B Fa 
fragment with another Sight chain towered the affinity of the 
Fab fuj tetanus to i bv a fa toi of 10-100 {from 6.3 x 10* 
M" ! to 6.3 x 10* M" 1 ; data not shown). In the crosses of the 
light chain of P3-J3 with all the heavy chains of the HIV 
parmings, the productive crosses had similar affinities for 
IIIB gpl20 (2,5 x 10'~<j.3 x 10' M" 1 ), with the exceptim , 
bWHC/P3-13LC, whose signal was too weak for a definite 
determination of the apparent binding constant. These affin- 
ities arc ™i-foirf lower than those of the gplZO-speciflc heavy 
chains with their original light chains (data not shown), 

DISCUSSION 

Combinatorial antibody libraries allow the immunochemical 
analysts of antigen binding to be carried far beyond the limits 
imposed by the restrictions of the traditional hybridoma 
technology, Such libraries not onlj , i 
diversity of the immune system in vitro but may, in combi- 
oauott itf lyuttxii. nka methods (i.e <ysithetic ti- 
braries), even improve on it in ways not feasible in vivo (15). 
Chain shuffling is yet another maneuver allowed in vitro but. 
not in vivo which can be expected to help extend antibody 
diversity beyond that of nature. 

The overriding feature of the binary system presented here 
is its ability to create large numbers (several hundred} of 
directed crosses between characterized light and heavy 
chains without the need for recloning individual chains for 
each cross after the initial vector construction. When used in 
combination with the phage-display method and biological 
assays, it allows the rapid analysis of the most interesting 
subset of the pool of ■ i$ ' ing clones by chain shuf- 
' ' , «, i .oSugi^dJly orchtmical.v >.-, ■ 
Mttibodie r these; , , > t SiLtjtKa wt. found that 
most heavy chains will recombine with a number of tight 
chains to vicld an antigen-binding Fab fragment. These 
results have important implications tor the diversity of com- 
binatorial antibody libraries. While it is not possible to 
predict reliably the original /« vivo combinations of fight and 
heavy chains, due to the surprising promiscuity of individual 
chains, recombinant antibody libraries may take advantage of 
the fact that even distantly related Fab fragments against the 
same antigen can recombine in vitro to give chain combina- 
tions not found in vivo. In fact, after the identification of a 
certain number of antibodies that have been shown to possess 
some biological or chemical activity, it may be better to 
shuffle their individual chains its a directed fashion than to 



continue sampling randomly from the same poo) of binders. 
By extension, the promiscuity observed in this system indi- 
cates that to libraries constructed using degenerate, chemi- 
cally synthesized oligonucleotides (15), there should be con- 
siderable flexibility in which synthetic heavy chain can pair 
with which synthetic light cham to generate an anugen- 
binding Fab fragment. 

Ultimately, we hope to use the chain-shuffling system to 
combine the target specificity of a promiscuous heavy chain 
with potential cefaclors on engineered light chains such as 
hydrolytically active metals like zinc (6). The diversity of 
combinatorial libraries coupled with chain shuffling should 
allow wide exploration of three-dimensional space, thereby 
solving the problem of how to approximate molecules in the 
ternary complex of antibody, substrate, and eofactor. 

Note Added Is Proof. The nucleotide sequences corresponding to the 
Fab fragments have been deposited with GenBank (I.03139-LO3186). 

We Uiani Herman Gram for helpful discussions, Arnold Setter 
ih-ait for the i» p peptide i limits and 1 knig Cabal-afar the 

gpl«0-para«d clones. C.fUs, is a Scholar of Hie American founds- 
lion for AIDS Research. 
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